INTRODUCTION
The F "
F o -ATPase in bovine heart mitochondrial membranes is a multisubunit assembly of 16 unlike proteins [1, 2] with a total molecular mass of approx. 550 kDa. It synthesizes ATP from ADP and inorganic phosphate by employing the transmembrane proton potential gradient generated by electron transport to drive the reaction forward [3] ; for reviews, see refs. [4] [5] [6] [7] . This membrane-bound enzyme is composed of a globular domain, called F " , which catalyses the synthesis of ATP, connected by a slender stalk to an intrinsic membrane part, known as F o . The F o domain transports protons through the membrane, converting energy from the proton potential gradient, which is coupled to ATP synthesis in F " . The atomic structure of the separate bovine F " domain, which retains ATP hydrolase activity, suggests that the coupling mechanism could involve the rotation of an α-helical structure in the γ-subunit relative to the surrounding structure, which consists of three α-subunits alternating with three β-subunits [8] . Recent experiments support this rotary catalytic mechanism [9, 10] , but how rotation might be generated by proton transport and other important details of the coupling mechanism remain poorly understood.
Complex I (NADH :ubiquinone oxidoreductase) is another large protein complex in the inner membrane of mitochondria that helps to generate the proton potential gradient used by the F "
F o -ATPase to make ATP ; for reviews, see refs. [11, 12] . It does so by coupling energy, derived from transfer of two electrons from NADH to ubiquinone-10, to the translocation of four protons from the matrix into the intermembrane space [13] [14] [15] [16] [17] [18] . The bovine heart enzyme is composed of at least 43 different polypeptides, including seven hydrophobic proteins encoded in mitochondrial DNA with a combined molecular mass in excess of 900 kDa [12] . It also contains one flavin mononucleotide, at least one binuclear iron-sulphur centre, and at least three tetranuclear iron-sulphur centres [19] [20] [21] [22] [23] [24] . All of the prosthetic is capable of ATP-dependent proton pumping and of ATP synthesis driven by a proton gradient [Groth and Walker (1996) Biochem. J. 318, [351] [352] [353] [354] [355] [356] [357] . The complex I preparation contains all of the subunits identified in other preparations of the enzyme, and has rotenone-sensitive NADH :ubiquinone oxidoreductase and NADH :ferricyanide oxidoreductase activities. The procedure is rapid and reproducible, yielding 50-80 mg of purified F "
F o -ATPase and 20-40 mg of purified complex I from 1 g of mitochondrial membranes. Both preparations are devoid of phospholipids, and gel filtration and dynamic light scattering experiments indicate that they are monodisperse. Therefore, the preparations fulfil important prerequisites for structural analysis.
groups of the enzyme appear to be in an extensive globular domain made of about 15 polypeptides, which is attached to a large intrinsic membrane sector, where the site of the ubiquinone binding is found. Treatment of the bovine enzyme with N,Ndimethyldodecylamine N-oxide dissociates the complex into two subcomplexes called Iα and Iβ. Subcomplex Iα contains the globular subunits and a few hydrophobic subunits, and retains all of the prosthetic groups and catalytic activity and redox centres ; subcomplex Iβ consists of hydrophobic polypeptides and has no known catalytic activity [25] . A simpler active watersoluble globular subcomplex of about 15 subunits, called Iλ, can be prepared from bovine complex I by a similar procedure [26] .
In order to be able to study the structure and function of these complex enzymes by biochemical and biophysical techniques, it is desirable that suitable procedures for their purification on a preparative scale should be developed. The resulting enzyme preparations should be highly pure and exhibit the same enzymic properties as those found in the enzymes in inner mitochondrial membranes. Additionally, if the enzyme is to be used for making two-and three-dimensional crystals, the procedure should employ a homogeneous, monodisperse detergent, and the isolated enzymes themselves should be monodisperse and have low phospholipid contents, as phospholipids can contribute to enzyme heterogeneity. Substantial steps have been made already towards satisfying these requirements, and procedures have been developed for making pure and active forms of both bovine F "
F o -ATPase [27] and bovine complex I [25] . The purification procedure described here has been developed from these earlier methods, and it enjoys a number of advantages. First, it allows both enzymes to be purified in the same experiment, with savings in effort and in consumption of mitochondria. Secondly, it gives a 5-fold higher yield of pure, monodisperse F " F o -ATPase than previously obtained [27] . As demonstrated in an accompanying paper, after reconstitution into phospholipid vesicles the preparation is highly active in both ATP-dependent proton pumping and in ATP synthesis driven by a proton gradient [28] . Thirdly, the complex I preparation is obtained in a similar yield to that obtained before [25] , but the enzyme is significantly purer. All of the known subunits of complex I associated with earlier preparations are also in the new preparation. An additional cost benefit is that the lifetime of a Mono-Q anion-exchange column used in the purification process is greatly extended by the new procedure. The new preparation of bovine complex I contains 43 subunits. It can transfer electrons from NADH to both ferricyanide and decylubiquinone, and the latter activity can be inhibited by rotenone.
MATERIALS AND METHODS

Materials
Dodecyl β-δ-maltoside and ATP were obtained from Novabiochem Ltd., Nottingham, U.K. NADH, phosphoenolpyruvate, pyruvate kinase, lactate dehydrogenase, decylubiquinone, phosphatidylcholine, phosphatidylethanolamine, cardiolipin, molybdenum oxide phospholipid reagent, and Reactive Yellow 3 dye matrix were purchased from Sigma Chemical Company Ltd., Poole, Dorset, U.K. Superose 6 HR 10\30, Hiload 26\60 Sephacryl S-300 HR, Hiload Q-Sepharose 26\10 High Performance, and Mono-Q HR 10\10 columns were supplied by Pharmacia Ltd., Milton Keynes, U.K.
Protein analysis
Protein concentrations were estimated by the bicinchoninic acid method [29] in the presence of dodecyl maltoside, using BSA as standard. PAGE was performed in 12-22 % acrylamide gels with 0.1 % (w\v) SDS [30] . Proteins were detected with Coomassie Blue G250 dye.
Enzyme activity measurements
ATP hydrolase activities were measured by monitoring the decrease in absorbance at 340 nm using an NADH-linked ATPregenerating system [31] . One unit of activity of the enzyme catalyses the hydrolysis of 1 µmol of ATP per min at 30 mC. The NADH :ferricyanide oxidoreductase activity of complex I was measured from the decrease in absorbance at 410 nm over 30 s, in a buffer containing 40 mM potassium phosphate, pH 7.5, 1 mM potassium ferricyanide and 500 µM NADH. One unit of this activity of the enzyme catalyses the oxidation of 1 µmol of NADH per min at 30 mC. The NADH :decylubiquinone oxidoreductase activity was measured by monitoring the decrease in absorbance at 340 nm over 30 s in a buffer consisting of 40 mM potassium phosphate, pH 7.5, 100 µM decylubiquinone, egg yolk phosphatidylcholine (0.1 mg\ml), and 500 µM NADH. One unit of activity of this enzyme catalyses the oxidation of 1 µmol of NADH per min at 30 mC.
Isolation of F 1 F o -ATPase and complex I
Three buffers were employed in the chromatographic purification procedure described below. The S-300 buffer contained 20 mM Tris\HCl, pH 8.0, 100 mM sodium chloride, 0.1 % dodecyl maltoside, 50 mM sucrose, 10 % glycerol, 2 mM magnesium sulphate, 0.001 % PMSF and 0.02 % sodium azide. Buffers A and B were identical to S-300 buffer except that sodium azide was omitted from both, and 1.1 M sodium chloride was added to the latter. Unless otherwise indicated, all procedures, including chromatography, were performed at 4 mC.
Bovine heart mitochondria prepared according to the method of Smith [32] , were stored at k20 mC. They were thawed, washed once in cold buffer containing 50 mM sodium dihydrogen phosphate, pH 8.0, 100 mM sucrose and 0.5 mM EDTA, and then centrifuged (17 000 g, 45 min). The pellet was resuspended at a protein concentration of 8.5 mg\ml in a buffer consisting of 20 mM Tris\HCl, pH 8.0, 10 % glycerol and 0.5 mM EDTA. To this suspension were added 20 mM magnesium sulphate, 20 mM ATP (buffered to pH 8.0) and 0.001 % PMSF. Dodecyl maltoside was added dropwise from a 10 % stock solution in water to a final concentration of 1.0 %, and the solution was stirred for 15 min and then centrifuged (31 000 g, 45 min).
The supernatant, which contained solubilized respiratory complexes, was fractionated with ammonium sulphate by adding sodium cholate (from a 20 % solution in water) to a final concentration of 1.6 %, and cold, saturated ammonium sulphate (neutralized with ammonia) to a final concentration of 40 %. The solution was centrifuged (31 000 g, 10 min), the supernatants pooled and the sodium cholate concentration was adjusted to 1.6 %. Then ammonium sulphate was added as before to a final concentration of 60 %. The pellets obtained after centrifugation contained F " F o -ATPase and complex I, and the supernatant was enriched in cytochrome c oxidase. The precipitated proteins were redissolved in a buffer consisting of 20 mM Tris\HCl, pH 8.0, 100 mM sodium chloride, 1.0 % dodecyl maltoside, 50 mM sucrose, 10 % glycerol, 2 mM magnesium sulphate, 0.001 % PMSF and 0.02 % sodium azide. The solution was desalted and delipidated by passage through a Hiload 26\60 Sephacryl S-300 HR gel-filtration column equilibrated with S-300 buffer.
The respiratory complexes were resolved on a Hiload 26\10 QSepharose High Performance anion-exchange column equilibrated in buffer A. After sample application, the column was eluted at a flow rate of 2 ml\min with a linear gradient of sodium chloride from 100 to 500 mM in buffer B over a period of 200 min. The F " F o -ATPase and complex I eluted at sodium chloride concentrations of approx. 200 mM and 300 mM, respectively. Then the enzymes in these fractions were purified to homogeneity separately, as follows.
The sodium chloride concentrations of fractions containing F "
F o -ATPase were adjusted to 100 mM and applied at 20 mC to a Reactive Yellow 3 dye column equilibrated with buffer A. The eluate was concentrated by ultrafiltration through an Amicon YM100 membrane to about 5 ml, and applied to a Hiload 26\60 Sephacryl S-300 HR gel-filtration column equilibrated with S-300 buffer. The flow rate of buffer was 0.3 ml\min. Fractions of the eluate (3 ml) that contained F " F o -ATPase were pooled and concentrated by ultrafiltration through a YM100 membrane.
The sodium chloride concentrations of the fractions that contained complex I were adjusted to 100 mM, and were applied to a Mono-Q HR 10\10 anion-exchange column equilibrated in buffer A. The column was washed first with one column volume of buffer A, and then with a ' saw-tooth ' gradient of 10 % buffer B, 0 % B, 11 % B, 0 % B and 12 % B. Complex I was eluted with a linear gradient of sodium chloride from 12 to 40 % in buffer B. Peak fractions were pooled, concentrated to about 5 ml by ultrafiltration through a YM100 membrane, and applied to a Hiload 26\60 Sephacryl S-300 HR gel-filtration column equilibrated with S-300 buffer. The flow rate was 0.3 ml\min, and fractions (3 ml) that contained complex I were pooled and concentrated by ultrafiltration through a YM100 membrane.
Phospholipid analysis
Phospholipids were extracted twice from 30 mg of each purified complex [33, 34] . Briefly, protein was precipitated with ammonium sulphate and the precipitate was resuspended in 20 mM Tris\HCl, pH 8.0 (1 ml). The suspension was extracted with methanol\chloroform (2 : 1, v\v) for 2 h and centrifuged. The pellet was re-extracted with methanol\chloroform\water (2 : 1 : 0.8, by vol.) and centrifuged. To the combined extracts were added chloroform and water (1 : 1, v\v), and the mixture was shaken and centrifuged. The chloroform phase was withdrawn and evaporated to dryness, and the lipid residue was redissolved in chloroform\methanol (1 : 1, v\v ; 100 µl).
Identification of phospholipids was performed by TLC on precoated, grooved, silica gel 60 plates in chloroform\ methanol\water (65 : 25 : 4, by vol.) [35] , using phosphatidylcholine, phosphatidylethanolamine and cardiolipin standards. A better separation of detergent from phospholipid was achieved by two-dimensional TLC [36] on precoated silica gel 60 plates. The solvent described above was used in the first dimension, and the second solvent was chloroform\methanol\25 % aqueous ammonia (65 : 35 : 5, by vol.). Phospholipids were revealed by spraying with 1 M sulphuric acid and heating at 100 mC for 20 min, or by spraying with the molybdenum oxide reagent.
Molecular mass estimation by gel filtration
A Pharmacia Superose 6 HR 10\30 gel-filtration column was calibrated with aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa) both in an aqueous buffer (containing 50 mM potassium phosphate, pH 7.5 and 100 mM sodium chloride) and in a detergent-containing buffer (S-300 buffer, described above). The void volume was determined with Blue Dextran. Samples of F " F o -ATPase and complex I were run individually at the same flow rate used for the standard proteins, and the partition coefficients, K av , were determined from the equation
where V e is the elution volume for the protein, V o is the column void volume, and V t is the total bed volume. Values of K av for the protein standards were plotted against the logarithm of the corresponding molecular mass. Molecular masses for F " F oATPase and complex I were calculated from the standard curve.
Dynamic light-scattering measurements
Dynamic light-scattering measurements were made with a Biotage dp-801 Molecular Size Detector, kindly lent by Protein Solutions Ltd., Hertford, U.K. The instrument used a 780 nm, 30 mW solid-state laser for excitation, and scattered light was detected at 90 m to the incident radiation by an avalanche photodiode. The intensity fluctuations of the scattered light were correlated to the Stokes radii of the protein molecules with the Stokes-Einstein relationship :
where R H is the Stokes radius, k is Boltzman's constant, T is the absolute temperature, n is the solvent viscosity, and D T is the translational diffusion coefficient. The distribution of Stokes radii for each protein sample gave an estimate of particle size distribution. All measurements were made on freshly prepared protein samples in S-300 buffer (see below) and with reference to the scattering distribution of S-300 buffer alone.
RESULTS AND DISCUSSION
Purification of bovine F 1 F o -ATPase and complex I
First, cytochrome oxidase was separated from the other respiratory complexes by ammonium sulphate fractionation, and then the F " F o -ATPase and complex I were purified by chromatography in the presence of dodecyl maltoside. Most of the lipids Figure 1 Chromatography of partially purified F 1 F o -ATPase from bovine heart mitochondria on Sephacryl S-300
For details, see the Materials and methods section. The shoulder eluting before the main peak of monodisperse F 1 F o -ATPase contained aggregated enzyme, and the subsequent small peak contained low-molecular-mass impurities.
and hydrophobic proteins precipitated at an ammonium sulphate concentration of 40 % satn., F " F o -ATPase and complex I precipitated at 60 % satn., and the bulk of cytochrome oxidase remained in the soluble fraction. Proteins in the 40-60 % fraction were desalted and delipidated by gel filtration. Because all fractions containing F " F o -ATPase and complex I were pooled, this step did not increase the purity of the proteins, but it served the important functions of lowering the dodecyl maltoside concentration quickly and of separating the majority of phospholipids from the detergent-solubilized enzymes, thereby prolonging the lifetimes of columns used in subsequent steps.
The F " F o -ATPase and complex I were separated from each other and from most of the other mitochondrial proteins by chromatography of delipidated material on Q-Sepharose. The F "
F o -ATPase eluted first at 150-200 mM sodium chloride, and was completely resolved from other peaks. It was followed in the next peak by small amounts of cytochrome oxidase (at 230-260 mM sodium chloride), which immediately preceded a large peak of complex I (at 260-340 mM sodium chloride). Two subsequent peaks (at 260-400 and 450-500 mM sodium chloride) contained cytochrome bc " . The F " F o -ATPase was purified further on a Reactive Yellow 3 dye-ligand column, which bound most of the lower-molecularmass impurities, including a protein with an apparent molecular mass of 30 kDa (ADP\ATP translocase), but not the F " F oATPase. By passage of the F " F o -ATPase through a gel-filtration column, small amounts of aggregated F " F o -ATPase were removed in a shoulder preceding the main peak of the monodisperse enzyme. Low-molecular-mass impurities were present in a small subsequent peak (Figure 1) .
The complex I from the Q-Sepharose column was purified further on a Mono-Q column, which separated away a slight contamination of F " F o -ATPase. In a final step, residual cytochrome oxidase and other minor impurities were removed on Sephacryl S-300. The impurities were in a low shoulder after the main peak (see Figure 2) .
The Q-Sepharose chromatography of the delipidated crude extract of mitochondria indicates that the purification procedure could be extended to yield cytochrome bc " and cytochrome oxidase in addition to F " F o -ATPase and complex I. Some initial attempts have been carried out that confirm this possibility, but further developmental work is required to make these procedures robust and reliable. The impetus for doing so has been diminished by the determination of the structure of cytochrome oxidase from mitochondria [37] using material made by extant methods.
Figure 2 Chromatography of partially purified complex I from bovine heart mitochondria on Sephacryl S-300
For details, see the Materials and methods section. The main peak contained purified complex I, and the small subsequent shoulder contained cytochrome oxidase.
Figure 3 Subunit compositions of the new preparations of F 1 F o -ATPase and complex I
The proteins were separated by SDS/PAGE and stained with Coomassie Blue G250 dye. Upper panel : lane 1, the F 1 F o -ATPase fraction eluted from the Q-Sepharose column, exhibiting highmolecular-mass impurities and a weakly staining band at approx. 30 kDa ; lane 2, the F 1 F oATPase complex after chromatography on a Reactive Yellow 3 dye column ; lane 3, purified F 1 F oATPase, obtained after chromatography on a Sephacryl S-300 ; lane 4, molecular-mass markers of 77, 66, 45, 30, 17, and 12 kDa ; lane 5, the complex I-containing fraction eluted from the Q-Sepharose, exhibiting faint contaminations of F 1 F o -ATPase, cytochrome oxidase, and transhydrogenase ; lane 6, the complex after chromatography on a Mono-Q, using a shallow gradient of sodium chloride to remove most of the contaminating F 1 F o -ATPase ; lane 7, the purified enzyme, obtained after gel filtration. Lower panel : identification of the 16 subunits of bovine F 1 F o -ATPase (left) and some of the 43 subunits of bovine complex I (right).
Subunit compositions of the purified complexes
The progress of purification at various stages was monitored by analysis of the polypeptide compositions of the complexes (see Figure 3 , upper panel). The F " F o -ATPase obtained from the Q- Sepharose column was already highly purified, and contained only slight amounts of contaminating high-molecular-mass aggregates, and polypeptides at about 30 and 35 kDa ( No contaminating proteins were detected by silver staining samples of the pure enzyme fractionated by denaturing PAGE [28] . The subunit composition of the purified enzyme was confirmed by a combination of N-terminal sequence analysis and electrospray ionization MS (results not shown).
The complex I recovered from the Q-Sepharose column contained small amounts of F " (Figure 3, upper panel, lane 7) . Some of the subunits in the purified bovine complex I are indicated in Figure 3 (lower panel) (see refs. [12] and [25] , for further details). A noticeable feature of the preparation, also observed in an earlier preparation [25] , is that the 42 kDa subunit is diminished in intensity in comparison with other bands. Otherwise the subunit composition at this level of analysis is very similar to that of preparations of the enzyme made by conventional methods [38] . Subsequently, the subunit composition of the chromatographically purified bovine complex I and of a conventional preparation [38] have been scrutinized by protein sequence analysis, electrospray MS and with the use of antibodies that recognize specific subunits of the complex. A total of 43 subunits has been recognized in the pure preparation. All of them were also present in the conventional preparation, as well as contaminants that have been recognized as transhydrogenase, ADP\ATP translocase, and subunits of F " F oATPase, cytochrome bc " and cytochrome c oxidase (J. M. Skehel, I. M. Fearnley and J. E. Walker, unpublished work). None of these contaminants has been detected in the preparation made by the chromatographic method.
Catalytic activities
A representative purification of F " F o -ATPase is summarized in Table 1 . The ATPase activity of the purified enzyme, at 3 units per mg of protein, is within the range of hydrolytic activities reported for F " F o -ATPases prepared chromatographically previously [27] . Activities of up to 15 units per mg of protein have * NADH :ferricyanide oxidoreductase activity was measured as described in the Materials and methods section.
been reported for the enzyme prepared by conventional methods [39] , but they were measured in the presence of added phospholipids. The composition of boundary and bulk-phase phospholipids and detergents influences both ATP hydrolase activity and oligomycin sensitivity in preparations of mitochondrial F " F o -ATPase [40, 41] . The strong effects of detergents in mixed micelles containing the reconstituted purified enzyme are demonstrated in the accompanying paper [28] . By use of appropriate conditions of reconstitution, the enzyme 's ATP hydrolase activity can be stimulated 10-20-fold, and activities up to 70 units\mg were observed. It has also been shown that the reconstituted enzyme can couple ATP hydrolysis to proton pumping. In addition, by co-reconstitution of the enzyme and bacteriorhodopsin into phospholipid vesicles, it has been shown that in the presence of a proton gradient generated by the lightstimulated proton-pumping activity of bacteriorhodopsin that ATP can be formed from ADP and inorganic phosphate. In other words, the catalytic activities of F " F o -ATPase in mitochondria are also associated with the purified enzyme.
A representative purification of complex I is described in Table  2 . The specific activity of the final preparation, measured with ferricyanide as electron acceptor, was 74 units per mg of protein, and is comparable with that described by Finel et al. [25] . The enzyme complex was also capable of transferring electrons from NADH to decylubiquinone at a rate of 1.23 µmol of NADH\min per mg of protein, and up to 99 % of the NADH :decylubiquinone oxidoreductase activity of complex I was inhibited by rotenone. The rotenone-sensitive reduction of this ubiquinone analogue by NADH indicates that at least some of the physiological activity of complex I has been preserved in the new preparation. The line shapes of EPR spectra of the iron-sulphur clusters in the preparation of Finel et al. [25] were broadened slightly. Whether the complete removal of phospholipids has significantly affected any of the iron-sulphur clusters in the new preparation remains to be established by further study. As has now been done with the new preparation of the F " F o -ATPase [28] , the effects of relipidation on the activity of the new preparation of complex I will also need to be established in future reconstitution experiments.
Phospholipid analysis
Phosphatidylcholine (40 %), phosphatidylethanolamine (35 %), and cardiolipin (18 %) are the predominant phospholipids in the inner membranes of bovine heart mitochondria [42] [43] [44] . Various amounts of standard samples of these phospholipids were run on one-dimensional TLC plates. For each phospholipid, the limit of detection with sulphuric acid was 1 µg\lane. In order to detect the minimal quantity of phospholipid bound to proteins (assuming one phospholipid bound per protein complex), it would be necessary to extract phospholipids from 10 mg of each purified complex. Therefore, to allow for handling losses, 30 mg each of F " F o -ATPase and complex I were extracted, and 20 µl of the concentrated lipid extracts were run separately on twodimensional TLC plates to give better separation of phospholipids from co-extracted detergent. No phospholipids were detected in either extract. Therefore, any phospholipid remaining bound to the complexes would be present in substoichiometric amounts.
Molecular mass estimation by gel filtration
Although the sequences of all of the identified subunits of bovine F "
F o -ATPase and 42 of the 43 known subunits of complex I have been determined ( [2, 12, 45] ; J. M. Skehel and J. E. Walker, unpublished work), their subunit stoichiometries have not been competely established. Therefore, the exact molecular masses of the complexes cannot be calculated at present. The relationship between elution volume and molecular mass by size-exclusion chromatography is less accurate for membrane proteins than for globular proteins [46] . Nonetheless, this method provides an estimate of particle size distribution from the chromatogram peak shape, and, especially for large complexes, it can indicate whether the complex is a monomer, dimer, or higher aggregate. In the present experiments, a Superose 6 HR 10\30 column was used because the high number of theoretical plates per meter gives it a high resolving power over a wide molecular mass range. The column was calibrated with four soluble proteins, and the void volume was measured with Blue Dextran. The elution times of each protein were identical in aqueous phosphate\saline buffer and in S-300 buffer containing detergent. The elution times for F " F o -ATPase and complex I, determined in S-300 buffer in separate experiments, corresponded to monomeric complexes with molecular masses of 755 and 1279 kDa, respectively (see Table 3 ). Both values include bound detergent, and they are incompatible with dimeric or higher species. As the peak was symmetrical in both cases, the enzyme preparations are probably monodisperse.
Dynamic light-scattering measurements
The distribution of particle size in each preparation was examined by dynamic light scattering, which allows the fluctuation of scattered light by molecules in solution to be analysed. The scattered light intensity is proportional to the square of the molecular mass. In a solution of monomers, the distribution of particle sizes fits a narrow unimodal Gaussian curve, whereas solutions containing mixtures of particle sizes often result in broad unimodal, bimodal, or more complex curves [47] . Soluble Table 4 Determination of monodispersity of the purified complexes by dynamic light scattering
The intensity fluctuations of the scattered light were correlated to the Stokes radii of the scattering molecules by the equation described in the Materials and methods section. The distribution of Stokes radii for each sample gave an estimate of particle size distribution. All measurements were made on freshly prepared protein samples in S-300 buffer and were referenced to the scattering distribution of S-300 buffer alone.
Sample
Radius* (nm) Polydispersity † p/r ‡ Baseline § Distribution Broad unimodal maltoside * The hydrodynamic radius was determined from the fluctuation in scattered intensity using the Stokes-Einstein equation, as described in the Materials and methods section. † The polydispersity value is a measure of the width of the Gaussian curve when the data are fitted to a unimodal or bimodal distribution. ‡ The polydispersity to radius ratio indicates whether the data can be best fitted by a narrow or broad unimodal distribution, a bimodal distribution, or a more complex curve. A narrow unimodal curve is characterized by zero polydispersity, a broad unimodal distribution by a p/r ratio of less than 30 %, and a bimodal or multimodal distribution by a p/r ratio of around 50 % (when attempting to fit the data to a unimodal Gaussian curve). § The baseline is an estimate of goodness of fit of the data to a Gaussian curve. A narrow unimodal distribution will have a baseline of 1.000, the baseline for a broad unimodal distribution will be between 1.000 and 1.002, and a multimodal distribution (or a unimodal peak with a shoulder) will have a baseline over 1.005.
proteins with narrow or broad unimodal particle size distributions are said to have a greater probability of forming threedimensional crystals than proteins with bimodal or trimodal distributions [48] .
The size distributions for the preparations of F " F o -ATPase and complex I fitted best to unimodal Gaussian curves (see Table  4 ). The values of the ratio of polydispersity to particle radius, which indicates the width of the curve, suggested that both solutions were monodisperse (the polydispersity value should be less than 30 % of the radius to reflect a unimodal particle distribution composed of monomers). As S-300 buffer alone was found to have a ratio of polydispersity to particle radius of 56 %, the width of the curves for the protein solutions contained contributions from the buffer. An aqueous 1 % solution of dodecyl maltoside had a narrow unimodal size distribution, consistent with uniform micellar size. The polydispersity of the detergent micelles in S-300 buffer may be due to micellar interactions with glycerol, or sodium chloride, or both [47] and accounts for the observed polydispersity values for the F " F oATPase and complex I preparations. However, the particle size distributions suggested unimodal curves even with this large buffer contribution. Therefore, both preparations appear to be monodisperse, and fulfil one of the requirements for crystallization experiments. The Stokes radius value for F " F oATPase agrees broadly with electron microscopy measurements on F " F o -ATPase prepared by a related chromatographic method [27] .
Conclusions
The new purification procedure for F " F o -ATPase and complex I provides large yields of homogeneous, monodisperse enzymes in a detergent which is suitable for crystallization experiments ; for a review see ref. [49] . The physiological activities of the native F "
F o -ATPase have been preserved in the purification procedure, since ATP-driven proton pumping activity and ATP synthesis driven by a proton gradient can be demonstrated after reincorporation of the pure enzyme into phospholipid vesicles [28] . Complex I prepared by the new method transfers electrons from NADH to either ferricyanide or decylubiquinone and the NADH :decylubiquinone oxidoreductase activity is up to 99 % inhibited by rotenone. However, the precise extent of the conservation of the physiological activity of the pure enzyme remains to be established, although all of the known subunits of the enzyme are present. The preparations of both complexes are monomeric and contain no detectable phospholipids. Because the procedure is rapid and highly reproducible, it is well suited to providing enzymes which are consistently pure in amounts necessary for two-dimensional and three-dimensional crystallization trials. The monodisperse detergent, dodecyl maltoside, has been used previously in chromatographic purification procedures for cytochrome bc "
[50] yielding pure and highly active enzyme, and has been shown to yield optimal rates of electron transfer and superior enzyme stability for cytochrome oxidase [51] . The successful purification of F " F o -ATPase and complex I in dodecyl maltoside suggests that this detergent may also be useful for the purification of other mitochondrial membrane proteins, and that it may be possible to purify all four major respiratory enzymes from the same membrane extract.
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